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Introduction @’ G

Hybrid Chemical-SEP propulsion is well suited to an
MSR Earth Return Orbiter.

Chemical Propulsion Electric Propulsion

* Provides timely Delta V. * Provides bulk Delta V.

« Useful to meet challenging « Useful to handle high Delta
timeline constraints. V requirements.

| Ex: coordinate with surface | Ex: Departing LMO and
mission, save time reaching returning to Earth.
LMO.

ERO has both of these
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Introduction @/ G

Using SEP means spacecraft and trajectory are coupled.

System Optimizer
Yields matched
spacecraft trajectory pair

Trajectory Model
Spacecraft Model Yields feasible

Sizes spacecraft with trajectory as function
parametric models of dates, masses,

propulsion system
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Trajectory Database @’ sLeRen e

« A database of low thrust trajectories serves as the
trajectory module in the optimization.

 Alternative would be optimizer-in-the-loop.

« Database allows system optimizer to run faster, and

provides confidence in solution since we have mapped
out entire trajectory design space.
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Thrusters: RIT 2X, T6, PPS, Hermes (ARM)

Power at 1 AU 11 kW 120 kW Variable 10 per thruster
config

Launch Date March 5, 2025 June 12, 2029 20 days 79

Helio TOF 100 days 1600 days 20 days 76

Arrival Velocity 0 km/s 3 km/s 0.2 km/s 16

~30 million total trajectories
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Thrusters: RIT 2X, T6, PPS, Hermes (ARM)

Power at 1 AU 11 kW 120 kW Variable 9-11 per thruster
config

Launch Date April 24, 2027 Sep. 19, 2033 20 days 118

Helio TOF 100 days 1600 days 20 days 76

Arrival Velocity 1.5 km/s 6.8 km/s - 3

Earth Arrival Mass 750 kg 3500 kg variable 5-1(2_ per thruster
config

~70 million total trajectories
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Optimizing Outbound Hybrid Trajectory @/ Jet Propulsion Laboratory

[ Inputs ] [ Outputs ]

LEVEL 1

Direction [ Opportunity ll Starting End
Earth->Mars 2026 Ariane 64 LMO

LEVEL 2 TN {0/2112027)

tof: 400.0 days -3000

Thruster M Thruster # Power Sl - ym:‘1.50 km/§ ‘ 4000 e 4
1. 1 -05 0 0.5 1 15 > 6000 -4000 -S%or?foca‘x im 2000 4000
T6 3 30 kW 0 0 s

Launch Mass Launch C3 Arrival Mass
LMO Arrival
16-Sep-2026 M| 29-Jan-2028

Xeg%g LJgsed Key Trajectory Dates

MOI: 5224 — 3396 kg, Spiral: 3396 — 3317 kg
Incoming Voo: 1.50 km/s, Spiral: (500, 2480) —» (320, 320) km
Spiral: 5 days, 57 revs

4000
Depart Earth 3000
- (9/16/2026) 2000

g
g

Perifocal y [km]
8
S o

Biprop Used \ Optimized Thrust Profile
Helio TOF Arr. Vinf 9
400 day 1.5 km/s
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Searching for Hybrid Transfer

Jet Propulsion Laboratory
California Institute of Technology

Level 1: E = M, 2026, Ar64 — LMO

Level 2: T6x3, 30 kW

Level 3: Launch Sep. 16, 2026
— LMO Jan. 29, 2028 (500 days)

Level 4: Heliocentric TOF, Mars V.. (search all combinations for max LMO mass)

Mars V.,
[km/s]

Pre-MOI mass [kg]

(optimal transfer database for launch date)
3

o

200 250 300 350 400 450

Helio TOF [days]

5000

4000

3000

2000

1000

7

(for 4000-kg pre-MOI mass)

2500

2000

MOI biprop + 1500 \
spiral Xe [kg] V. =3 km/s
1000
V. m/s
V

500 il
0

100 200 300

Spiral TOF [days]

Pre-MOI mass
Mars V..
Spiral TOF

500 0
Helio + spiral TOF = 500 days
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Selecting Hybrid Transfer @/ ft Popution abertory

Level 4: Heliocentric TOF, Mars V.. (search all combinations for max LMO mass)

LMO arrival mass [kg]

3 \ |
% 13900 o
3000,
05
25 \ // : Depart: Earth
) : ©(9/16/2026)
12500 o !
2 g-o.s L
3200 > .
2 -1 " Mars MOI
2000 (10/21/2027)
15 tof: 400.0 days
V.. 1.50 km/s
MarsV‘,o15
. 1500 15 1 05 0 05 1 15 2
X (AU
[km/ S] MOI: 5224 — 3396 kg, Spi)ral: 3396 — 3317 kg
Incoming Voo: 1.50 km/s, Spiral: (500, 2480) — (320, 320) km
‘ Spiral: 95 days, ~957 revs ‘
4000
1 1000
3000 -
2000
g 1000 +
0.5 500 7
E,-moo
-2000 -
-3000 -
200 250 300 350 4000 1
H e | i O TO F [d ayS] -6000 -4000 -S%?'gocal . [im] 2000 4000

<+«— (Increasing spiral TOF & capture orbit apoapsis)
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Creating Hybrid Bacon Plots @’ G

Level 1: E = M, 2026, Ar64 — LMO

Level 2: T6x3, 30 kW

Level 3: Vary launch date
— vary LMO arrival date

LMO arrival mass [kg]

: — 4000
01/2029 | Every point corresponds to . I
. . . S ]
best helio / Splral TOF Sp“t’ \/VQQQ S T 3500 Level 4: Heliocentric TOF, Mars V.. (search all combinations for max LMO mass)
Mars V. 8
A LMO arrival mass [kg] \
07/2028 2 j 3000 | o -
o) %
g /30 ] 259 2000 2
T 01/2028 b 3000 Vars
E © 2000 [Ifrrnsls]” 15 1500
(U 1000
Q 0712027 { [ 1500
—
00 200 250 300 350 400
Helio. TOF [days] ————
01 / 2027 T 500 <«— (Increasing spiral TOF & capture orbit apoapsis) [
07/2026 t— : . - : 0
© © © © 1
o ot ot ot Qv
e ot s o N

Launch date
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te of Technology

Mars > Earth Hybrid Bacon Plots@gy sz

LEVEL 1

Two New ggortunitu 3! ~4000 Complete Bacon
Level 1's: Mars->Earth 2028 < 6.5 km/s Plots

. 26 million trajectories
LMO Earth 1500 kg (20x the ES>M data)

Y (au)
I

LMO arrival mass [kg]

TN

\ Depart: Earth

(9/16/2026)

Mars MOI
(10/21/2027)
tof: 400.0 days
Va: 1.50 km/s

LMO arrival date

o 2° 2° ° ol
P T N
Launch date

300 350 400 450
Helio. TOF [days] —

Perifocal y (km)

15 -1 05 0 05 1 15 2
X

(AU)

MOI: 5224 -» 3396 kg, Spiral: 3396 _» 3317

ncoming Voo .50 ke SHvat (500, 480 (320,320 kn
Spiral: 95 days, ~957 revs

500 4000

2000 2000 4000
Perifocal x (km)

1000 kg 1250\kg 1500 kg 1750 kg 2000 kg 2500 kg 3000

.
o

23 ¢ RN

1.5 km/s

6.5 km/s

11.5 km/s|:
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Outbound Example @/ et ropion aporton
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Outbound Example @’ et ropsion aparton
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Inbound Example

0 = 28 kW, mf = 3000 k
P g 4000

2034-06
2033-12 - 3900
2033-06 - 3800
oT0]
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Conclusion @’ Jet Propulsion Laboratory

« Hybrid Chemical-SEP propulsion is well suited to the
needs of an MSR Earth Return Orbiter.

* We mapped out the hybrid trajectory design space in a
database.

* The trajectory database was used in conjunction with a
system optimization tool to produce a matched
spacecraft-trajectory pair.
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Example Grid Space

Total Inbound
126 million
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Total Outbound

2.2 million

Jet Propulsion Laboratory

California Institute of Technology

[ ~128 million ]




Using cluster to compute trajectories @’ ooy

Need 128 million trajectories.

Using MALTO on parallel cluster cores, can get about
100 traps (trajectories per second).

~2 weeks to get through all the cases.

Had to go through several iterations: about 400 million
total trajectories and several decades of CPU time.
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